The results from a survey for proliferative kidney disease (PKD) and renal myxosporidiosis in wild salmonids from rivers in England and Wales are presented. One hundred and eighty-five salmon, Salmo salar, 235 brown trout, Salmo trutta, 16 charr, Salvelinus alpinus, and five grayling, Thymallus thymallus, were obtained from 23 locations on 16 rivers between July and October 1997. They were examined for the presence of clinical PKD and for histological evidence of infections with Tetracapsula bryosalmonae and other renal myxozoans. Prevalence of infection with T. bryosalmonae detected histologically in brown trout varied from 11 to 43% in enzootic rivers and was only found in salmon in two rivers at low prevalence. Nephromegaly was positively associated with PKD in brown trout but in salmon mild nephromegaly was only associated with infection with an unidentified Chloromyxum sp.
Introduction
Proliferative kidney disease (PKD) is primarily known as a serious parasitic disease of cultured salmonids in Europe and North America (Hedrick, MacConnell & de Kinkelin 1993) . Many aspects of the pathogenesis of the disease and of the nature of the causative agent, recently named Tetracapsula bryosalmonae (Canning, Curry, Feist, Longshaw & Okamura 1999) , have been elucidated. The clinical and histopathological changes are well known (Clifton-Hadley, Bucke & Richards 1987) and the development of diagnostic methods has greatly assisted in the understanding of the parasite development in the fish host (Adams, Richards & de Mateo 1992; Saulnier & de Kinkelin 1996) . The discovery by Anderson, Canning & Okamura (1999) that North American bryozoans were hosts for T. bryosalmonae and the subsequent finding that European species of bryozoans were also hosts provided the impetus for new areas of investigation concerning both the disease and the causative agent. In particular, the urgent need to gain understanding of the life history of the bryozoan hosts and parasite development in these organisms as well as the mechanisms of infection of the fish host was selfevident. In addition, although the impact of the disease in cultured fish is well documented, there remains a paucity of information on the impact of the disease in wild salmonid stocks.
Early surveys of wild fish stocks were primarily aimed at determining the distribution and host range of PKD. Many fish species were sampled, generally by electro-fishing and seine netting of rivers in England and Wales (Seagrave, Bucke, Hudson & McGregor 1981) , and additional studies were also undertaken in a Scottish trout stream (Wootten & McVicar 1982) . It became evident that salmonids were the main species affected by PKD, with grayling, Thymallus thymallus L., and pike, Esox lucius L., also being susceptible to the disease, the former both from natural and experimental exposure routes (Feist & Bucke 1993) . Later studies confirmed the findings of the earlier work, but also included examinations of juvenile fish (Bucke, Feist & Clifton-Hadley 1991) . Brook trout, Salvelinus fontinalis (Mitchill), do not appear to show clinical signs of the disease although the parasite is able to reach the renal tubules. However, the closely related species, Arctic charr, S. alpinus L., has been shown to be highly susceptible to the infection, which in this species can result in numerous histozoic extrasporogonic and sporogonic stages with only relatively mild host reaction (Kent, Khattra, Hedrick & Devlin 2000) . It is clear that there is a wide range of sensitivity to the infection between susceptible species. This paper presents the preliminary results of a survey of wild salmonids in UK rivers for the prevalence of PKD and renal myxosporidiosis with recommendations for obtaining robust data to determine the effect of PKD in wild fish populations.
Materials and methods
A total of 185 salmon, Salmo salar L., 235 brown trout, Salmo trutta L., 16 charr and five grayling were collected from 23 locations on 16 rivers in England and Wales between July and October 1997 (Fig. 1 ). Trout were collected on 14 and salmon on 11 of the 16 rivers; however, the number of fish collected per river was generally low, ranging from 5 to 46 and 3 to 35 for trout and salmon, respectively (Tables 1 and 2 ). Fish were captured by electrofishing, except for the charr from Lake Windermere which were captured using traditional fishing techniques using trolled lures. Most fish were 0+ with a few fish 1+ in age based on their fork length. Fish were placed directly in tanks containing aerated river water prior to sacrifice and postmortem examination. In a few cases, fish from local rivers were returned live to the laboratory. In all cases fish were killed by an overdose of anaesthetic or a blow to the head followed by severance of the spinal cord. Clinical signs of disease and any abnormalities were noted. In particular, macroscopically visible renal swelling (nephromegaly) and splenic hypertrophy (splenomegaly) were recorded and graded according to their macroscopic appearance based on the classifications proposed by Clifton-Hadley et al. (1987) . Pectoral fin samples were taken for identification of gyrodactylid infections. Samples of spleen, kidney and brain were removed for virology and the head kidney was swabbed for bacteriology. The remainders of the organs were left in situ. Carcasses were then fixed in 10% neutral buffered formalin (NBF) in suitable containers for subsequent parasite screening. These data and the bacteriology and virology results will be reported elsewhere. Intact portions of the kidney were removed for histological examination. Tissues were processed to paraffin wax using a vacuum infiltration processor using standard protocols. Embedded blocks were sectioned at 5 lm using a rotary microtome and sections were stained with haematoxylin and eosin (H&E) and Giemsa. Sections were examined using a Nikon Eclipse E800 microscope Nikon UK Ltd, Surrey, UK. Digital images of representative sections were captured using Lucia (Nikon UK Ltd, Surrey, UK) software. Sub-samples of fixed unprocessed tissue were gently squashed with a drop of distilled water between a glass slide and coverslip and examined for the presence of extrasporogonic and sporogonic stages of T. bryosalmonae and concurrent infections with other myxosporean parasites. These samples were examined using phase-contrast or Nomarski interference-contrast microscopy. Parasites were measured and representative images were taken as indicated above.
As only relatively small numbers of fish were caught, samples from different sites on the same river were combined to calculate a prevalence of T. bryosalmonae for each river, and the 95% confidence intervals were calculated using the exact binomial distribution (Petrie & Watson 1999) . The sample size required to detect the presence of a disease is negatively associated with the minimum expected prevalence, i.e. the lower the expected prevalence the higher the required sample size (Cameron & Baldock 1998) . A formula developed by Cameron & Baldock (1998) (Freecalc software, Canberra, Australia) was used to determine the minimum T. bryosalmonae prevalence that would have been detected with 95% confidence, based on the number of trout and salmon caught on each river. Odds ratios (OR) and the chi-squared statistic (v 2 ) for the association between myxozoan infections and nephromegaly were calculated from 2 · 2 contingency tables (Petrie & Watson 1999) . The odds ratio is the ratio of the odds of exposure (in this case to T. bryosalmonae or Chloromyxum sp.) in the disease group (fish with nephromegaly) divided by the odds of exposure in the non-diseased group. An odds ratio less than one indicates a negative association, an odds ratio of one indicates no association, and an odds ratio greater than one a positive association. The significance of the chi-squared statistic was assessed using the Fisher exact test and using 5% as the level of statistical significance.
Results
Trout infected with T. bryosalmonae were found in five of the 14 rivers examined. The prevalence of infection in enzootic rivers varied from 11 to 43%, but owing to the small sample sizes these estimates have wide confidence intervals (Table 1) . T. bryosalmonae was only found in three salmon on two rivers (Table 2) . Overall the prevalence of T. bryosalmonae in trout and salmon was 6 and 2%, respectively. For most of the rivers where no infected fish were found the minimum predicted T. bryosalmonae prevalence ranged from 6 to 45% based on the numbers of fish examined from each river (Tables 1 and 2) .
Coelozoic infections with a Chloromyxum sp. in the renal tubules were more widely distributed in both salmon and trout (Table 3) . Plasmodia and spores were readily detectable in H&E stained tissue sections with spores stained dark blue with Giemsa stain. Using this technique, plasmodia were also seen to contain characteristic pale blue-green inclusions. The parasite was found in trout in 13 of 14 rivers, varying in prevalence between rivers from 9 to 57% (overall prevalence 24%) (Table 3) . Chloromyxum sp. was found in salmon on nine of the 11 rivers, varying in prevalence between rivers from 7 to 64% (overall prevalence 20%). Six of the 17 trout (35%) and two of the three salmon (66%) with T. bryosalmonae infections were also infected with Chloromyxum sp. No myxozoans were detected in the grayling and charr in this study, however, the number of samples was too limited to draw any conclusion regarding the prevalence of infection in these species.
There were 14 trout (6%) and nine salmon (5%) with macroscopic nephromegaly (Table 4) . Macroscopic nephromegaly in trout was strongly associated with the presence of T. bryosalmonae (OR ¼ 6.4, v 2 ¼ 10.1, P ¼ 0.01). Fish harbouring this infection exhibited variable histopathological changes typical of PKD, particularly hyperplasia of the renal interstitial tissues. However, the association between macroscopic nephromegaly and the presence of Chloromyxum sp. was stronger (OR ¼ 9.23, v 2 ¼ 18.0, P < 0.01). Histopathological changes associated with Chloromyxum sp. appeared to be limited to the renal tubules, which in a few cases exhibited dilation and reduced epithelial height. Inflammation of the interstitial haematopoietic tissues in response to the parasite was not observed. However, several fish harbouring Chloromyxum sp. exhibited grade 1 nephromegaly (following the scheme of Clifton-Hadley et al. 1987) . One trout of two caught in the River Lyd was infected with a Sphaerospora sp. No histopathological changes were associated with this infection. At collection it was noted that brown trout with nephromegaly were clearly stressed and often failed to recover from the effects of electro-fishing. There was also a strong association between Chloromyxum sp. infection and nephromegaly in salmon (OR ¼ 40.8, v 2 ¼ 28.3, P < 0.01). None of the nine salmon recorded with grade 2 nephromegaly had T. bryosalmonae infections, but eight (89%) were infected with Chloromyxum sp. (Table 4 ).
Discussion
The number of trout and salmon sampled from each river was generally low, and thus in general only high prevalences of T. bryosalmonae were detected, i.e. the sample size was not sufficient to detect the presence of disease at low prevalences. It is, therefore, possible that for many of the rivers where no T. bryosalmonae infected fish were found, the infection was actually present. Larger sample sizes are required to substantiate freedom from T. bryosalmonae infection. However, it is possible to conclude from the data presented that the prevalence of T. bryosalmonae in trout varied considerably between rivers and T. bryosalmonae infections were found at higher prevalences in trout compared with salmon.
The measurement of the association between renal hypertrophy, the malacosporean (T. bryosalmonae) (Canning, Curry, Feist, Longshaw & Okamura 2000) and myxosporean infections was assessed by the calculation of odds ratios. It should be noted that no account was taken of the clustered nature of the data and the sample sizes were small, hence the findings must be interpreted with caution. Nevertheless, the results indicated a strong association between myxosporean and malacosporean infections and renal hypertrophy. Interestingly, the association between nephromegaly and Chloromyxum sp. infections appears to be stronger than between nephromegaly and T. bryosalmonae infections in both salmon and trout. In fact there was no evidence of an association between T. bryosalmonae and nephromegaly in salmon, reflecting the finding that no salmon exhibited Grade 2 or greater kidneys according to the scheme proposed by CliftonHadley et al. (1987) . Although cultured salmon have been reported to display marked clinical signs of the disease (Ellis, McVicar & Munro 1985) , it is perhaps not surprising that the fish examined in this study did not, as stressors associated with Table 4 Myxozoan infections in salmon and brown trout with nephromegaly
Salmon and trout with renal nephromegaly
Journal of Fish Diseases 2002, 25, 451-458 clinical PKD in aquaculture situations were absent. It was not possible from a cross-sectional study of this nature to conclude that a causal association exists between myxosporean or indeed malacosporean infection and nephromegaly. However, it is clearly established that nephromegaly is a key pathognomonic feature of PKD (Ferguson & Needham 1978; Clifton-Hadley et al. 1987) . Brown trout with clinical PKD frequently failed to recover from the effects of electro-fishing, which strongly suggests that they were physiologically compromised. An important manifestation of PKD is that fish become anaemic (Hedrick et al. 1993) and this is likely to be the major factor adversely affecting their ability to cope with additional stressors. In both species, infections with an unidentified Chloromyxum species were a common finding and in several cases were present as a coinfection with T. bryosalmonae. Wootten & Smith (1980) and Sedlaczek (1991) also detected similar infections in juvenile salmon and brown trout, respectively. This parasite was re-described by Lom & Dyková (1993) using ultrastructural features. However, they were unable to differentiate between this species and C. majori, the only other Chloromyxum species infecting the renal tissue of salmonids. In the current study, histopathological changes appeared to be limited to the renal tubules and an inflammatory response to the parasite was not observed. This is in contrast to C. majori, which infects the glomerulus and rarely the haematopoietic tissues of Oncorhynchus mykiss (Walbaum) and O. tshawytscha (Walbaum). This parasite has thus far only been reported from North America. In the current study, despite the apparent lack of histozoic extrasporogonic stages of Chloromyxum sp. which could be expected to initiate a cellular response, several fish harbouring this parasite but not T. bryosalmonae, exhibited grade 1 (mild) nephromegaly. This suggests that the Chloromyxum sp. does have a pathogenic effect. However, it is possible that these fish harboured an undetected low-level infection with T. bryosalmonae. There remains doubt concerning the identity of the Chloromyxum sp. in the renal tubules and of its significance to the host. Further studies to determine the pathogenicity of presporogonic (and extrasporogonic stages if present in this species) and to describe the parasite are needed. In particular, to discriminate between the renal parasite and other Chloromyxum species reported from salmonids.
In general the role disease plays in regulating wild salmonid or other wild fish populations is largely unknown. This is mainly because of the logistical and methodological problems associated with studies of disease in wild fish, and PKD is no exception. Mortalities directly attributable to PKD have not been reported, this may be because of increased predation of affected fish and efficient scavenging of mortalities or low levels of disease. Parasites in wild fish are known to detrimentally affect survivability either directly or synergistically with environmental factors, other pathogens or a combination of both. Direct mortality effects in wild fish caused by parasitism have been reported, for example Pleistophora salmonae (Microsporidia) in steelhead trout, Oncorhynchus mykiss (Walbaum) (Wales & Wolf 1955) , Gyrodactylus salaris (Monogenea) infections in Atlantic salmon parr (Johnsen & Jensen 1991) , Myxobolus cerebralis (Myxozoa) in salmonids (Hedrick, El-Matbouli, Adkison & MacConnell 1998; Modin 1998) (Yamamoto, Takagi & Matsuoka 1984) .
It is clear that there is a great deal that we do not understand on the impact of PKD on wild fish stocks and the factors affecting infection rates and disease manifestation in the wild. Assessments of the impact of PKD on wild populations require long-term, multidisciplinary, observational studies. There is increasing evidence that adverse water quality exacerbates disease prevalence and recent findings have shown that the prevalence and severity of PKD increases with decreasing water quality (Schmidt, Bernet, Wahli, Meier & BurkhardtHolm 1999) . In this study the between river variation in T. bryosalmonae prevalence strongly suggests that there are environmental factors acting at the ecosystem level that affect the occurrence of the parasite. Future studies of PKD should take into account factors that may affect the bryozoan hosts of T. bryosalmonae, because it is likely that the prevalence of PKD is primarily determined by the factors affecting their distribution (Okamura, Anderson, Longshaw, Feist & Canning 2001) . Anthropogenic contaminants and other environmental factors may affect wild salmonid and bryozoan populations directly and have an indirect effect through increasing the prevalence and severity of PKD and other diseases in the fish hosts. It is therefore crucial that studies of PKD in wild fish also consider environmental factors and the prevalence of other diseases and parasites. This study presents limited data from a single season that was only amenable to relatively simple statistical analysis. The analysis of data from larger, longitudinal studies conducted on different sites, and on a number of rivers over a prolonged period of time poses a number of analytical challenges. Multivariate regression analysis techniques that can account for the clustered and hierarchical data are required to assess the impact of PKD, adverse environmental factors, and the synergistic effect of disease and these factors, on population levels. Time series (Chatfield 1989 ) and spatial analysis (Pfeiffer 2000) may also be necessary to investigate the importance of time-dependent risk factors, such as water temperature and geographically distributed variables, respectively. The prevalence of PKD in farmed fish may affect the disease status of wild fish in the same river system. Therefore, studies of PKD in wild fish should also investigate the disease status of farmed fish utilizing the same river system. A better understanding of the epidemiology of PKD and renal myxosporidiosis and their impact on wild fish populations will result from long-term studies of the level and structure of wild fish populations, their disease status and environmental conditions.
